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Introduction 


“  ...Energy  security  (is)  a  challenge...  an  enduring  one  for  our  military  and  our  nation... there  is  a 
strategic  imperative  for  us  to  reduce  risk,  improve  efficiencies  and  preserve  our 
freedom  of  action  wherever  we  can... the  time  for  change  is  now.  ” 

-  Admiral  Mike  Mullen,  Chairman  of  the  Joint  Chiefs  of  Staff  (October  2010) 

Even  as  it  projects  power  around  the  globe,  the  Air  Force  is  becoming  one  of  the  United 
States’  most  troubling  strategic  vulnerabilities.  Airpower’s  dependence  on  foreign  oil  threatens 
U.S.  preeminence  across  the  spectrum  of  future  operations,  with  supply  and  price  stability 
increasingly  at  risk.  Reversing  this  ominous  trend  requires  the  Air  Force  to  embrace  next- 
generation  technology  to  help  reduce  and  replace  the  fuel  currently  consumed  by  aviation.  By 
developing  highly  efficient  aircraft  and  incorporating  domestic  alternative  fuels,  the  Air  Force 
can  break  its  addiction  to  oil  and  secure  its  energy  independence.  Furthermore,  the  efficiency  of 
tomorrow’s  fleet  will  have  the  salutary  effect  of  dramatically  reducing  Air  Force  fuel  expenses. 

If  energy  is  the  feedstock  of  the  global  economy,  America’s  favorite  flavor  is  oil. 

Despite  being  home  to  only  4.5%  of  the  world’s  population,"  the  United  States  is  the  top  global 
oil  consumer  at  almost  19  million  barrels  per  day  (2009).  Thus,  4.5%  of  the  world’s  inhabitants 
consume  over  22%  of  the  world’s  petroleum.4  Facking  the  reserves  and  production  capacity  to 
sustain  this  rate  of  consumption,  the  United  States  must  import  over  50%  of  its  petroleum.5 

In  the  last  few  years,  U.S.  policy  makers  have  devoted  increased  attention  to  the  perils  of 
petroleum  dependence,  their  concerns  punctuated  in  an  October  2010  speech  by  the  Chairman  of 
the  Joint  Chiefs  of  Staff.  Most  importantly,  heavy  reliance  on  oil  to  power  the  military  renders 
national  security  vulnerable  to  foreign  suppliers  who  do  not  necessarily  share  U.S.  values  and 
interests.6  Already  threatened  by  huge  emerging  energy  markets  in  China  and  India,  oil  supplies 
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are  increasingly  dependent  on  unstable  regions  of  the  globe,  any  of  which  could  degrade  the 


United  States’  ability  to  protect  its  interests  (Figure  1). 


Sources  of  U.S.  Net  Petroleum 
Imports,  2008 


Source:  U.S.  Energy  Information  Administration. 


Figure  1:  Sources  of  U.S.  Petroleum  Imports7 

Additionally,  as  world  energy  demands  begin  to  outstrip  supply,  the  global  market  will 
likely  encounter  dramatic  and  unpredictable  shocks  that  impose  an  unsustainable  fiscal  burden 
on  the  Department  of  Defense  (DoD).  In  its  Annual  Energy  Outlook  2010,  the  Department  of 
Energy  projected  an  upper  bound  on  the  price  of  oil  in  2030  at  over  $200  per  barrel  (Figure  2). 


Average  annual  world  oil  prices  in  three  cases,  2005-2035 
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Figure  2:  World  Oil  Price  Trends  (source:  Dept  of  Energy)** 
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Increasingly  constrained  budgets  would  leave  DoD  hard-pressed  to  absorb  such  high  petroleum 
costs  while  attempting  to  modernize  and  prepare  for  a  spectrum  of  future  threats. 

Furthermore,  as  articulated  by  the  Chairman  in  October  2010,  the  U.S.  is  beginning  to  see 
evidence  of  climate  change  impacting  national  security.9  Although  there  is  considerable 
disagreement  over  the  causes,  a  growing  body  of  scientific  evidence  suggests  human-induced 
stress — including  the  release  of  greenhouse  gases  from  petroleum  combustion — is  contributing 
to  climate  change  in  a  way  that  compels  immediate  action.  Prominent  futurist  Dennis  Bushnell 
insists  climate  change  represents  the  single  greatest  threat  to  national  security.10 

These  three  arguments  have  strong  relevance  from  an  airpower  perspective,  with  supply 
and  price  stability  in  particular  having  direct  impact  on  the  core  missions  of  the  Air  Force.  A 
disruption  in  the  flow  of  fuel  at  the  theater  level  (Figure  3)  or  as  a  result  of  a  global  energy 
shortage  could  have  a  debilitating  impact  on  every  Air  Force  mission  area.  To  make  matters 
worse,  an  increasingly  unstable  petroleum  supply  will  consume  ever  greater  fractions  of  the  Air 
Force  budget.  Unless  senior  leaders  are  willing  to  cede  airpower’s  fate  to  an  uncertain  energy 
supply,  they  must  eliminate  Air  Force  dependence  on  foreign  oil,  and  ideally  on  all  forms  of 


Figure  3:  NATO  Fuel  Truck  Attacked  by  Militants  in  Afghanistan11 

(source:  Air  Force  Magazine.com) 
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petroleum  energy  for  the  three  reasons  articulated  by  the  Chairman  and  echoed  throughout  DoD: 
1)  supply  vulnerability,  2)  fiscal  uncertainty,  and  3)  environmental  impact.  This  paper  will  focus 
on  the  first  two  arguments  as  the  impetus  for  developing  advanced  technology,  incorporating  it 
into  next-generation  airframes,  and  striving  for  unprecedented  levels  of  fuel  efficiency. 

Air  Force  Petroleum  Consumption 

The  quantity  and  cost  of  petroleum  consumed  by  the  Air  Force  is  staggering.  With  64% 
of  the  DoD  total,  the  Air  Force  is  the  largest  consumer  of  petroleum  in  the  federal  government. 
Furthermore,  84%  of  Air  Force  energy  costs  are  attributed  to  aviation  alone  (Figure  4).  In  fiscal 
year  (FY)  2008,  this  equated  to  approximately  2.5  billion  gallons  of  aviation  fuel  at  a  cost 
approaching  $9  billion.12  At  that  level  of  consumption,  each  $10  increase  per  barrel  of  oil  results 
in  a  $600  million  increase  in  aviation  fuel  expenses.13  These  numbers  paint  a  grim  picture  of  Air 
Force  reliance  on  petroleum — much  of  it  foreign — to  execute  some  of  the  nation’s  most 
important  security  directives.  Fortunately,  they  also  present  an  obvious  target  in  the  effort  to 
eliminate  a  critical  strategic  vulnerability. 

USfcroihrttsFidlKiai.n  US  Mrfoct  Eioyy  Uiieit«n 

trcmroalfijHcKri 

A  |  Ftdife 

^  'inindEiTJfiTKnt 

Figure  4:  Breakdown  of  DoD  &  Air  Force  Petroleum  Use  in  FY0814 

(Source:  Air  Force  Energy  Plan  2010) 
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A  closer  look  at  aviation  fuel  consumption  adds  clarity  to  the  problem  of  Air  Force 
petroleum  dependence.  Based  on  average  use  from  FY98-04,  the  air  mobility  mission  accounts 
for  over  half  the  Air  Force  fuel  requirements,  with  fighter  aviation  just  under  one  third  (Figure 
5).  Together,  mobility,  fighter,  and  bomber  missions  consume  over  90%  of  Air  Force  jet  fuel. 
Currently,  all  of  it  is  petroleum  based.  Thus,  breaking  the  petroleum  addiction  starts  with  an 
examination  of  the  platforms  that  perform  high-demand  missions  and  the  sources  that  supply 
their  fuel. 


4.2% 


54.2% 
Mobility: 
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Figure  5:  Air  Force  Aviation  Fuel  Consumption  by  Platform  Type  (FY98-04) 

(Source:  Scientific  Advisory  Board) 
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Motivated  by  strategic,  fiscal,  and  environmental  imperatives,  the  2010  Air  Force  Energy 
Plan  defines  three  pillars  for  energy  management:  reduce  demand,  increase  supply,  and  culture 
change.16  Within  this  framework,  the  means  for  reducing  demand  generally  fall  into  one  of  three 

17 

categories:  operations,  maintenance,  and  technology.  Route  optimization  and  formation  flight 
are  two  operational  initiatives  with  high  potential  impact.  Seemingly  insignificant  maintenance 
practices  can  also  take  a  sizeable  bite  out  of  fuel  use,  including  periodic  checks  for  proper  flight 
control  rigging  and  surface  washing  to  minimize  airframe  drag.  The  most  promising  energy 
management  roadmap,  however,  involves  the  application  of  advanced  technology  to  reduce  fuel 
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demands  across  the  Air  Force  fleet,  in  conjunction  with  a  transition  to  alternative  fuels — fuels 
that  are  not  petroleum  based — to  increase  the  overall  fuel  supply.  Consequently,  this  study  will 
focus  on  achieving  petroleum  independence  through  technological  solutions,  many  of  which 
should  be  available  in  the  2030  timeframe. 

The  Air  Force  has  already  made  some  progress  in  the  fight  to  improve  fuel  efficiency  and 
provide  alternative  fuel  sources.  The  Air  Force  Research  Laboratories  and  NASA  have 
sponsored  numerous  initiatives  to  improve  engine  performance,  increase  aerodynamic  efficiency, 
and  reduce  airframe  weight.  Furthermore,  the  effort  to  certify  all  Air  Force  platforms  on  a  50-50 
blend  of  JP-8  and  synthetic  fuels  is  85%  complete,  with  a  goal  of  clearing  the  entire  fleet  by 

i  o 

2011.  If  the  Energy  Plan  meets  its  objective  of  using  fuel  blends  to  supply  50%  of  aviation  fuel 
by  20 16, 19  the  Air  Force  will  be  half-way  toward  eliminating  its  vulnerability  to  foreign 
petroleum  supplies.  Technology  has  real  potential  to  eliminate  the  other  half,  while  dramatically 
reducing  the  overall  fiscal  and  environmental  burdens  of  Air  Force  aviation.  Securing  energy 
independence  in  this  manner  would  ensure  stable,  domestic  fuel  sources,  enabling  operations 
expenses  to  be  accurately  budgeted  years  in  advance. 
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“Great  Tech... Less  Fueling!” 


Developing  the  right  blend  of  next- generation  technology  could  dramatically  reduce  AF 
fuel  consumption  in  the  2030  timeframe.  Some  technologies  already  show  great  promise  and 
should  be  available  in  the  near  future,  with  possible  application  to  legacy  systems.  Others  are 
still  early  in  the  development  cycle  and  may  require  years  to  mature.  Those  with  the  highest 
technical  risk  look  like  science  fiction  today,  some  having  barely  left  the  drawing  board. 

Mindful  of  the  variability  in  technical  risk  and  developmental  timelines,  this  paper 
presents  the  author’s  view  of  the  most  promising  fuel  conservation  technologies  in  the  next  20  to 
30  years  when  many  legacy  systems  will  be  replaced.  Because  the  aerospace  sciences  evolve 
unpredictably,  the  author  selected  high-payback  technologies  that  can  realistically  be  engineered 
into  next-generation  Air  Force  platforms.  The  choice  of  technologies,  though  not  exhaustive, 
represents  one  possible  path  toward  a  more  fuel  efficient  future. 

Technology  Maturity  and  the  “S-Curve” 

The  life-cycle  of  a  technology  can  be  described  in  three  stages:  slow  growth  (the  early 
phase),  rapid  growth  (the  exponential  phase),  and  leveling  off  (the  mature  phase).20  Viewed  over 
time,  the  combination  of  these  stages  looks  like  a  letter  “S”  on  an  x-y  graph  (Figure  6).  The 
conceptual  value  in  an  “S-curve”  analysis  of  technology  is  powerful — a  technology  that  is  lower 
on  the  curve  (just  entering  the  rapid  growth  phase)  has  more  potential  payback,  regardless  of 
technical  risk.  Conversely,  a  technology  in  the  leveling  off  phase  (high  on  the  curve)  has  reached 
a  point  of  diminishing  returns.  Obviously,  fuel  conservation  technologies  that  merit  the  greatest 
investment  today  are  those  that  are  still  relatively  low  on  the  S-curve,  offering  high  potential  for 
long-term  payback. 
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Technology  S-Curve 


Figure  6:  Technology  S-Curve  Illustration 

This  study  is  built  on  extensive  research  and  consultation  with  government,  industry,  and 
academic  experts  to  identify  the  most  promising  potential  improvements  in  fuel  efficiency  for 
the  2030  Air  Force.  Comparing  modern  science  with  projections  out  to  2030  and  beyond 
provides  a  snapshot  of  technology  S-curves  today.  A  more  accurate  assessment  of  technical 
maturity  is  only  available  after  the  fact  when  a  technology  has  reached  the  “leveling  off’  phase. 
Thus  the  S-curve  estimates  associated  with  each  technology  in  this  report  are  derived  from  the 
educated  opinions  of  the  author  and  industry  professionals. 

Parameters  Affecting  Fuel  Consumption 

To  understand  how  technology  can  improve  fuel  efficiency,  it  is  useful  to  consider  the 
impact  of  classic  design  factors  on  aircraft  performance.  Within  the  engineering  community,  the 
“Breguet  range  equation”  is  commonly  used  to  relate  the  approximate  range  of  an  aircraft  in 
cruise  conditions  to  its  configuration,  flight  parameters,  and  weight  fractions  (Figure  7).  Since 
most  Air  Force  aircraft  expend  the  bulk  of  their  fuel  in  cruise,  the  Breguet  equation  can  help 
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identify  high-payback  technologies.  Furthermore,  because  the  scientific  relationships  extend  to 
other  phases  of  flight  such  as  climb,  descent,  and  loiter,  the  Breguet  equation  can  point  toward 
technologies  that  enhance  fuel  efficiency  across  the  spectrum  of  mission  tasks,  reducing  overall 
Air  Force  fuel  requirements  proportionally. 


Distance  traveled  for  given  amount  of  fuel: 
Breguet  Range  Equation 


Aircraft  _  Velocity 
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Thrust  Specific  Fuel  Consumption  TSFC  =  fuel  flow  rate/Thrust 

W ^  =  Fuel  Weight 
W^  =  Payload  Weight 

WQ  =  Dry  Weight  or  “Operating  Empty  Weight”  (OEW)  of  Vehicle 


Figure  7 :  The  Breguet  Range  Equation22 

(Source:  Scientific  Advisory  Board) 


Though  scientifically  grounded  in  the  Breguet  equation,  the  relationships  between  design 
factors  and  fuel  consumption  are  intuitive  on  their  own:  more  efficient  engines,  better 
aerodynamics,  and  reduced  structural  weight  improve  fuel  efficiency.  Despite  the  trade  space 
between  range,  fuel  load,  and  payload  weight,  it  is  nevertheless  useful  to  think  of  the 
opportunities  for  fuel  conservation  in  this  context.  Therefore,  for  the  purpose  of  this  study,  next- 

hi 

generation  fuel  efficient  technologies  will  be  classified  into  one  of  three  categories:” 

1 )  Structural  Weight  Reduction 

2)  Improved  Aerodynamics,  and 

3 )  Enhanced  propulsion  efficiency. 

Some  of  the  most  promising  technologies  in  each  category  are  listed  in  Table  1.  They 
were  assessed  according  to  long-term  payback  potential,  fiscal  viability,  and  technical  risk. 
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Furthermore,  the  author  attempted  to  place  each  technology  on  its  S-curve  as  of  this  writing. 
Though  lacking  statistical  rigor,  the  estimates  for  technical  maturity  are  based  on  considerable 
research  and  consultation  with  subject  matter  experts.  These  technologies  form  the  basis  for  the 
remainder  of  this  paper,  and  constitute  the  foundation  for  a  viable  path  to  petroleum 
independence  in  the  2030  Air  Force. 


Category  Technology  S-curve  Maturity 


Structural  Weight  Reduction  Design  Optimization  Rapid  Growth 

(W0)  Active  Aeroelastic  Control  Rapid  Growth 

Advanced  Materials  Slow  Growth 


Improved  Aerodynamics  Conventional  Configurations 

(L/D)  Natural  Laminar  Flow 

Adaptive  Compliant  Structures 
Novel  Configurations 


Leveling  Off  (overall) 
Rapid  Growth 
Rapid  Growth 
Slow  Growth 


Enhanced  Propulsion  Efficiency  Conventional  Gas  Turbine  Engines 
(TSFC)  Hybrid  Gas  Turbine  Engines 

Energy  Capture/Storage 
Alternative  Fuels 


Leveling  Off 
Slow  Growth 
Slow  Growth 
Rapid  Growth 


Table  1:  Promising  Technologies  for  Fuel  Efficiency  in  the  2030  Timeframe 


Structural  Weight  Reduction 

Design  Optimization.  Advanced  methods  will  allow  for  structural  optimization  and  use 
of  custom  materials  to  reduce  the  design  margin  and  weight  of  future  aircraft,  even  with  “off-the- 
shelf’  materials  in  common  use  today.  Studies  have  reported  significant  reductions  in  empty 
weight  (10-15%)  and  reduced  manufacturing  cost  and  complexity'  as  a  result  of  advanced 
optimization  and  fabrication  methods.  These  techniques  will  almost  certainly  have  a  significant 
impact  on  future  fuel  efficiency,  further  enhancing  next-generation  designs  that  incorporate 
advanced  materials  and  active  structural  control. 
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Active  Aeroelastic  Control.  Active  control  of  airframe  structures  subjected  to 
aeroelastic  effects  (the  interaction  between  aerodynamic  forces  and  flexible  structural 
components)  constitutes  another  promising  area  for  reducing  structural  weight.  Particularly  with 
high  aspect  ratio  wings  and  flying  wing  aircraft,  conventional  structures  are  “over-designed”  in 
order  to  provide  the  strength  and  stiffness  to  control  flutter.  A  study  sponsored  by  AFRL 
investigated  active  suppression  of  wing  flutter  with  control  surfaces  to  supplement  structural 
stiffness.  The  analysis  revealed  a  19%  reduction  in  wing  weight  for  high  aspect  ratio  wings  and 
flying  wing  configurations.26  Applied  to  conventional  configurations,  the  weight  savings  could 
approach  5%  for  transport  aircraft  and  MQ-9  class  UAVs.  The  weight  dividend  for  tactical 
aircraft  would  be  less  significant,  since  peak  g-loading  is  the  primary  driver  of  wing  design. 

Advance  Materials.  Aircraft  manufacturers  have  been  using  carbon  fiber  composites 
extensively  for  decades,  but  there  is  still  tremendous  potential  to  integrate  stronger,  lighter 
materials  into  airframe  structures.  The  composites  boom  was  fueled  by  high-strength, 
lightweight  carbon  fiber  reinforced  polymers  which  were  introduced  into  more  and  more  aircraft 
components  as  manufacturers  and  their  customers  became  comfortable  with  their  use.  The 
Boeing  787  now  leads  the  transport  class  at  approximately  50%  structural  composites  by 
weight,28  with  the  state-of-the-art  F-35  incorporating  approximately  35%. 29 

Looking  forward  20-30  years,  the  next  generation  of  composites  could  incorporate  high- 
strength  “nano-enabled”  materials  such  as  carbon  nanotubes  (CNTs).  First  discovered  in  1991, 
CNTs  are  thought  to  be  50  to  100  times  stronger  than  steel  and  half  the  weight  of  aluminum. 
Despite  significant  technical  challenges,  researchers  have  succeeded  in  “yarning”  CNTs  together 
to  form  the  building  blocks  for  future  ultra-high  strength  materials.  Carbon  nanotube  yarns  are 

o  1 

even  available  commercially  today.  Furthermore,  research  sponsored  by  NASA  hopes  to 
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“grow”  structures  entirely  from  CNTs  and  boron  nitride  nanotubes,  offering  the  potential  for 
another  incremental  jump  in  strength-to-weight  ratio  of  aircraft  materials. 

To  evaluate  the  impact  of  CNT  materials  on  structural  weight,  one  study  suggests 
substituting  a  notional  CNT  reinforced  polymer  (CNRP)  for  aircraft  structural  aluminum.  This 
methodology  bypasses  a  component  level  analysis,  but  probably  yields  a  conservative  weight 
estimate  since  CNRP  strength  would  allow  many  components  to  be  engineered  to  a  smaller  size. 
This  methodology  also  provides  a  simple  way  to  estimate  the  impact  of  CNRP  properties 
throughout  the  aircraft  structure,  a  reasonable  objective  given  industry’s  success  in  fabricating 
most  major  structural  components  from  present  day  composites.34  Consequently,  volumetric 
replacement  of  structural  aluminum  appears  to  yield  a  useful  estimate  of  the  impact  of  nano- 
enabled  materials  on  structural  weight. 


Category 

Technology 

S-curve  Maturity 

Structural  Weight  Reduction 
(W0) 

Design  Optimization 

Active  Aeroeiastic  Control 

Advanced  Materials 

Rapid  Growth 

Rapid  Growth 

Slow  Growth 

Improved  Aerodynamics 

(L/D) 

Conventional  Configurations 

Natural  Laminar  Flow 

Adaptive  Compliant  Structures 
Novel  Configurations 

Leveling  Off  (overall) 
Rapid  Growth 
Rapid  Growth 
Slow  Growth 

Enhanced  Propulsion  Efficiency 
(TSFC) 

Conventional  Gas  Turbine  Engines 

Hybrid  Gas  Turbine  Engines 

Energy  Capture/Storage 

Alternative  Fuels 

Leveling  Off 

Slow  Growth 

Slow  Growth 

Rapid  Growth 

Table  la:  Promising  Technologies  for  Fuel  Efficiency  in  the  2030  Timeframe 


Improved  Aerodynamics 

Conventional  Configurations — Natural  Laminar  Flow.  Increasing  the  area  of  laminar 
flow  on  aircraft  wings  and  tail  surfaces  could  reduce  parasite  drag  and  lead  to  a  significant 
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improvement  in  aircraft  fuel  efficiency.  A  turbulent  boundary  layer  (the  layer  of  flow  between 
the  free  stream  air  and  aircraft  skin)  can  produce  10  times  the  localized  drag  as  laminar  flow. 
Through  a  variety  of  methods  including  airfoil  design  and  distributed  surface  roughness,  laminar 
flow  on  the  upper  surface  can  be  extended  beyond  the  range  of  conventional  airfoils.  One  AFRL 
study  reported  a  17%  reduction  in  parasite  drag  using  these  methods  (12%  wing,  5%  tail).36 
Supporting  research  by  Boeing  predicted  an  11-14%  improvement  in  lift-to-drag  ratio  (L/D) 
from  today’s  configurations.  As  design,  manufacturing,  and  maintenance  methods  improve,  it 
is  reasonable  to  expect  this  type  of  dividend  across  much  of  the  high-aspect-ratio  fleet.  Tactical 
aircraft  will  probably  benefit  less  from  laminar  flow  technology,  having  thinner  wings  and  a 
wider  airspeed  range  for  typical  mission  profiles. 

Conventional  Configurations — Adaptive  Compliant  Structures.  Another  technology 
with  significant  potential  to  improve  fuel  efficiency  would  optimize  wing  airfoil  shape  across  the 
aircraft  flight  envelope.  Modem,  fixed  airfoils  are  sized  and  shaped  for  their  “design”  condition; 
any  departure  from  those  parameters  in  flight  results  in  an  L/D  penalty.  Since  mission 
constraints  rarely  allow  an  aircraft  to  operate  at  its  exact  design  condition,  a  cumulative  penalty 
in  induced  drag  increases  fuel  consumption  over  the  course  of  a  mission. 

AFRL’s  Mission  Adaptive  Compliant  Wing  (MACW)  program  is  investigating  methods 
to  optimize  airfoil  shape  across  a  wider  range  of  flight  conditions.  One  solution  takes  advantage 
of  mechanically  “compliant”  structures  internal  to  a  flexible  trailing  edge  of  the  wing  to  reshape 
the  upper  and  lower  surface,  maximizing  L/D  for  the  actual  flight  condition  (Figure  8).  Absent 
an  inherently  flexible  structure,  the  method  for  “morphing”  the  wing  could  involve  a  significant 
weight  penalty.  Given  MACW’s  lightweight  approach,  however,  the  15%  improvement  in  L/D 
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Figure  8:  Mission  Adaptive  Compliant  Wing  (made  for  AFRL  by  FlexSys  Inc)38 

on 

measured  in  actual  flight  test  should  come  with  minimal  added  weight/  If  the  MACW  program 
is  able  to  demonstrate  scalability  in  the  next  5-10  years,  similar  L/D  improvements  could  be 
engineered  into  large  airframes  by  2030. 

Novel  Configurations.  For  years,  aircraft  designers  have  been  intrigued  by  the 
theoretical  performance  benefits  of  unconventional  aircraft  configurations  (non-tube-and-wing), 
but  have  found  little  traction  for  their  ideas  among  commercial  or  military  customers.  Until 
recently,  even  technology  demonstrators  were  limited  in  number,  NASA’s  oblique  wing  AD-1 
being  a  prominent  exception  (Figure  9).  With  the  looming  petroleum  crisis,  however,  now  may 
be  the  time  to  move  beyond  the  stigma  of  strangely  proportioned  air  vehicles  to  reap  the  rewards 
of  designs  that  feature  revolutionary  improvements  in  aerodynamics. 


Figure  9:  NASA  AD-1  Oblique  Wing  Demonstrator40 

(Source:  NASA  Dryden  Flight  Research  Center) 
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The  blended  wing-body  (BWB)  design,  in  particular,  has  been  gaining  attention  as  a 
candidate  for  next-generation  transport  aircraft.  Co-sponsored  by  AFRL  and  NASA,  the  X-48  is 
a  subscale  BWB  technology  demonstrator  (Figure  10).  The  X-48  has  shown  exceptional 
aerodynamic  characteristics  throughout  a  multi-year  flight  test  program.  In  one  conservative 
baseline  mission,  it  demonstrated  a  58%  reduction  in  fuel  burn  relative  to  its  conventional 
counterpart,41  supporting  the  general  belief  among  BWB  advocates  that  a  25%  improvement  in 

42 

lift-to-drag  ratio  is  well  within  reach. 


Figure  10:  Boeing’s  X-48  Blended  Wing-Body  Technology  Demonstrator43 

(Source:  NASA  Dryden  Flight  Research  Center) 


The  blended  wing-body  is  representative  of  several  novel  configurations  under 
development  that  could  provide  similar  benefits  across  the  transport,  bomber,  and  high-dwell 
intelligence-surveillance-reconnaissance  (ISR)  fleets  in  the  2030  timeframe.  Bringing  a 
revolutionary  design  into  production  will  require  extensive  research  and  development,  and  could 
face  obstacles  in  the  Federal  Aviation  Administration  (FAA)  certification  process.  Nevertheless, 
these  concepts  should  be  considered  for  their  long-term  benefit  to  Air  Force  fuel  conservation. 
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Category 


Technology 


S-curve  Maturity 


Structural  Weight  Reduction 

Design  Optimization 

Rapid  Growth 

(W0) 

Active  Aeroelastic  Control 

Rapid  Growth 

Advanced  Materials 

Slow  Growth 

Improved  Aerodynamics 

Conventional  Configurations 

Leveling  Off  (overall) 

(L/D) 

Natural  Laminar  Flow 

Rapid  Growth 

Adaptive  Compliant  Structures 

Rapid  Growth 

Novel  Configurations 

Slow  Growth 

Enhanced  Propulsion  Efficiency 

Conventional  Gas  Turbine  Engines 

Leveling  Off 

(TSFC) 

Hybrid  Gas  Turbine  Engines 

Slow  Growth 

Energy  Capture/Storage 

Slow  Growth 

Alternative  Fuels 

Rapid  Growth 

Table  lb:  Promising  Technologies  for  Fuel  Efficiency  in  the  2030  Timeframe 


Enhanced  Propulsion  Efficiency 

Conventional  Gas-Turbine  Engines.  Although  conventional  gas-turbine  engines 
appear  to  be  “leveling  off’  in  maturity,  experts  believe  there  is  still  significant  room  for 
improving  gas-turbine  fuel  efficiency.  Thrust  specific  fuel  consumption  (TSFC),  a  widely  used 
measure  of  fuel  economy,  has  steadily  improved  since  gas-turbine  engines  gained  widespread 
use  in  the  1950s.  Incremental  improvements  have  been  hard-won  in  recent  years  (Figure  11 
shows  the  “leveling  off’  trend),  but  a  number  of  relatively  new  research  and  development 
initiatives  promise  to  continue  delivering  cost-effective  enhancements. 

Future  reductions  in  TSFC  for  conventional  gas-turbines  will  depend  on  three  design 
factors:  1)  bypass  ratio,  2)  turbine  inlet  temperature,  and  3)  overall  pressure  ratio.44  Historically, 
some  of  the  greatest  improvements  in  TSFC  were  the  result  of  increased  bypass  ratios  on 
externally  mounted,  big  inlet  turbofans.  Further  reductions  in  TSFC  will  require  advancements 
in  turbine  inlet  temperature  and  overall  pressure  ratio,  presenting  an  opportunity  for  dual-use 
technology  benefiting  the  low-bypass  fighter  and  bomber  engine  categories  as  well.4'"’ 
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Figure  11:  Evolution  of  Gas-Turbine  Fuel  Efficiency 

(Source:  GE  Aircraft  Engines,  through  Scientific  Advisory  Board) 
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The  Versatile  Affordable  Advanced  Turbine  Engine  (VAATE)  program,  jointly 
sponsored  by  AFRL,  NASA,  and  industry,  has  specific  goals  for  TSFC  improvement  with 
application  to  multiple  turbine  engine  classes.  Within  VAATE,  a  subsidiary  research  effort 
known  as  ADVENT  (Adaptive  Versatile  Engine  Technologies)  is  investigating  engine  cycle 
optimization  across  a  wide  range  of  flight  conditions.  Its  signature  concept  is  adaptive  control  of 
airflow  between  the  engine  core  and  fan,  enabling  one  engine  to  perform  both  high-thrust  and 
long-endurance  tasks,  depending  on  mission  requirements.47 

Despite  daunting  technical  challenges,  several  recent  advances  in  high  temperature 
materials,  innovative  cooling  mechanisms,  improved  component  efficiencies,  and  adaptive 
technologies  should  help  next-generation  engines  achieve  significant  improvements  in 
performance.  One  AFRL  expert  cites  multiple  studies  and  research  efforts  to  project  the 
following  TSFC  reductions  for  gas-turbine  engines  in  the  2030  timeframe: 

1)  Mobility  (C- 17  class):  15% 

2)  Fighter,  subsonic  (F-22  class)  and  Bomber  (B-2  class):  20% 
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3)  Fighter,  supersonic  (F-22  class):  10%.48 

Another  government  study  forecasts  similar  gains  in  the  efficiency  of  turboprop  engines:49 

4)  UAV  (MQ-9  class):  25%. 

Synthesized  with  reduced  airframe  weight  and  improved  aerodynamics,  conventional  gas-turbine 
engine  technologies  stand  to  make  a  big  dent  in  Air  Force  petroleum  use.  Even  greater  gains 
may  be  possible  with  novel  engine  concepts. 

“Hybrid”  Gas-Turbine  Engines.  Hybrid  engines  could  one  day  provide  a  dramatic 
boost  in  fuel  efficiency  for  much  of  the  Air  Force  fleet.  The  Air  Force  Energy  Plan  2010 
specifically  identifies  “hybrid  energy  systems”  as  a  means  to  increase  range  and  loiter 
capabilities.50  A  Boeing  team  sponsored  by  NASA  describes  hybrid  engines  as  high-risk,  high- 
payoff,  but  a  “clear  winner”  from  the  standpoint  of  potential  performance  improvements.51 

Like  the  blended  wing-body  aircraft  configuration,  hybrid  gas-turbine  technology  has  not 
progressed  much  beyond  the  conceptual  stage.  Consequently,  building  a  functional  hybrid 
aircraft  engine  will  require  ground-breaking  research  and  development  with  significant  technical 
risk.  One  concept  proposed  by  General  Electric  uses  the  core  from  its  state-of-the-art  high- 
bypass  engine  modified  with  an  electric  motor  to  help  drive  a  larger  fan.  In  theory,  the  fan  could 
operate  in  all-turbine,  all-electric,  or  combined  modes,  providing  high-thrust  on  demand  but  fuel 
efficient  cruise,  using  predominantly  electric  power  for  shorter  range  missions. 

This  type  of  hybrid  propulsion  would  offer  the  flexibility  of  operating  partially  or 
completely  on  electric  power,  but  the  source  of  that  electricity  remains  one  of  the  concept’s  more 
daunting  technical  challenges.  Electric  power  could  be  drawn  from  batteries,  captured  energy,  or 
a  system  which  integrates  both  sources  and  also  recharges  batteries  when  captured  energy 
exceeds  total  system  demands.53'54  Aircraft  with  large  thrust  requirements  would  need  super- 
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charged  batteries  and  the  payload  capacity  to  carry  them.  Nevertheless,  one  study  concluded  that 
a  21%  reduction  in  relative  energy  is  representative  of  the  effects  of  hybrid  propulsion  on  the 
mobility  mission,  assuming  battery  technology  in  2030-2050  lives  up  to  expectations.55  Future 
energy  efficient  UAV  concepts  might  also  benefit  from  captured  energy.56  Regardless  of  the 
energy  fraction  contributed  by  electric  power,  the  reduced  demand  on  liquid  fuels  would  provide 
mission  planners  an  enviable  tradeoff  between  increased  range  and  payload. 

Energy  Capture/Storage.  There  are  numerous  sources  of  energy  in  the  environment  to 
capture  and  convert  to  electrical  energy  for  hybrid  gas-turbine  propulsion.  Advanced  piezo- 
electric  technologies  might  one  day  capture  energy  from  vibrating  aircraft  structures.  Another 
concept  would  recapture  lost  combustion  heat  from  within  the  engine,  potentially  recovering  up 
to  5%  of  fuel  energy  as  electricity.58  Energy  could  also  be  captured  by  a  hybrid  gas-turbine  fan 
from  airspeed  bled  off  during  approach  and  landing,  similar  to  the  energy  captured  while  braking 
a  hybrid  automobile.59 

Probably  the  most  promising  source  of  captured  energy,  however,  is  the  sun.  Advanced 
photovoltaic  systems  of  the  future  could  generate  1  kilowatt  of  energy  per  kilogram  of  high- 
efficiency  material  in  full  sunlight  at  a  reduced  weight  of  300g  per  square  meter.60  These  panels 
currently  operate  at  about  30%  efficiency,  but  technology  could  increase  efficiency  another  30% 
in  the  near  future.61  Furthermore,  researchers  believe  nano-scale  materials  and  a  technique 
known  as  “light  trapping”  could  absorb  ten  times  more  energy  than  the  theoretical  limit  as  it  is 
understood  today.6"  Though  environmental  stresses  would  remain  a  major  technical  challenge, 
efforts  are  underway  to  harden  high-efficiency,  flexible  solar  panels  for  use  in  aviation.63 

For  hybrid  gas-turbine  propulsion  to  achieve  widespread  use  in  larger  aircraft,  the 
scientific  community  must  deliver  a  sizeable  increase  in  the  energy  density  of  batteries.  The 
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state  of  the  art  in  battery  storage  is  .128  kilowatt-hours  per  kilogram  (kW-h/kg)  for  the  most 
advanced  Lithium  Ion  batteries.64  Future  nano-materials  could  boost  storage  capacity  an  order  of 
magnitude  by  increasing  the  surface  area  of  the  electrode  material  in  the  battery.65  Capacities  on 
the  order  of  1.5kW-h/kg  in  the  2030-50  timeframe66  would  allow  a  larger  class  of  aircraft  to 
derive  propulsive  energy  from  electric  power. 

Alternative  Fuels.  Even  the  most  optimistic  improvements  in  fleet  efficiency  won’t 
eliminate  the  Air  Force’s  appetite  for  jet  fuel.  The  demands  of  tomorrow’s  aircraft  must  be  met 
by  domestic  energy  to  ensure  a  stable  supply  and  price,  which  will  drive  the  market  toward  non¬ 
petroleum  based  sources.  Though  alternative  hydrocarbon  fuels  will  have  little  impact  on  the 
propulsive  efficiency  of  aircraft  engines,  they  nevertheless  constitute  the  cornerstone  of  any 
policy  to  eliminate  Air  Force  dependence  on  foreign  petroleum.67 

There  are  four  domestic  resources  with  the  potential  to  satisfy  fuel  demands  in  2030:  oil 
shale,  coal,  natural  gas,  and  biomass.  Oil  shale  is  already  approved  as  a  feedstock  for 
conventional  refinement.  Coal,  natural  gas,  and  biomass,  however,  must  first  be  “gasified”  and 
converted  into  a  hydrocarbon  product  via  the  Fischer-Tropsch  (F-T)  process.  The  waxy  F-T 
output  is  refined  conventionally  into  aviation  fuel.68 

Supply  and  compatibility  are  two  of  the  biggest  hurdles  to  alternative  fuel  use  in  aviation. 
With  the  entire  Air  Force  fleet  on  track  for  50-50  JP-8/F-T  certification  by  2011,  many  of  the 
compatibility  issues  are  already  being  addressed.69  Increasing  the  fraction  of  F-T  in  future  fuel 
blends  will  require  further  study.  In  terms  of  supply,  all  three  F-T  feedstocks  could  deliver  large 
quantities  of  alternative  fuels,  but  at  a  cost  of  billions  of  dollars  in  refinement  capacity.  An 
early  commitment  by  the  Air  Force  will  kick-start  the  industry,  creating  a  demand  for  alternative 
fuels  that  motivates  government  and  private  investment  to  develop  the  infrastructure. 
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Tomorrow’s  Air  Power:  Thirsty,  yet  Refined 


To  evaluate  technology’s  impact  on  Air  Force  petroleum  dependence,  this  study 
examines  baseline  aircraft  from  the  four  primary  mission  areas:  mobility,  fighter/attack,  long- 
range  strike,  and  persistent  ISR.11  Using  a  representative  subset  of  the  Air  Force  inventory,  an 
analysis  of  the  greatest  petroleum  consumers  reveals  trends  in  fuel  consumption  that  could 
reflect  the  Air  Force  of  2030  recapitalized  with  next-generation  platforms. 

By  necessity,  this  analysis  includes  simplifying  assumptions  which  may  justify  additional 
investigation  into  the  aggregate  effects  of  enhanced  fuel  efficiency.  "  The  numerical  estimates  of 
fuel  savings  are  not  intended  to  predict  the  actual  performance  of  the  2030  inventory,  but  rather 
to  give  decision  makers  an  idea  of  the  macro-level  impact  of  today’s  research  and  development 
investment.  The  state  of  the  fleet  in  2030  will  depend  strongly  on  adequate  resourcing  and 
senior  level  emphasis. 

Breakthroughs  in  the  aerospace  sciences  are  often  tailored  to  specific  airframes  and 
mission  areas,  and  may  not  be  suitable  across  the  entire  fleet.  Table  2  matches  promising  next- 
generation  technologies  to  the  2030  mission  areas  according  to  technical  viability.  It  assumes  an 
aggressive  research  and  development  investment  today,  and  accounts  for  the  fact  that  fewer 
technologies  are  adaptable  to  aircraft  with  unique  planform  and  payload  requirements.  For 
example,  hybrid  propulsion  requires  aircraft  that  can  accommodate  high-bypass,  open-fan,  or 
turbo-prop  engines.  Also,  despite  being  an  attractive  long-term  solution  to  petroleum 
dependence,  energy  capture  will  probably  have  minimal  impact  in  the  2030  timeframe  unless 
solar  cells  improve  dramatically.  Stealth  requirements  impose  additional  constraints  to 
technology  suitability,  particularly  among  combat  aircraft. 
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Category 


Technology 


Mission  Area 


Structural  Weight  Reduction  Design  Optimization 


(Wo) 


Improved  Aerodynamics 

(L/D) 


Enhanced  Propulsion 
Efficiency  (TSFC) 


Active  Aeroelastic  Control 
Advanced  Materials 


Mobility  Fighter/ Attack  L-R  Strike  ISR 


X 

X 

X 


Natural  Laminar  Flow  X 

Adaptive  Compliant  Structures  X 

Novel  Configs  X 

Conventional  Gas  Turbine  Engines  X 

Hybrid  Gas  Turbine  Engines  X 

Energy  Capture/Storage 
Alternative  Fuels  X 


X 


X 


X 


X 

X 

X 

X 

X 

X 

X 


X 

X 

X 


X 

X 

X 

X 


Table  2:  Technology  Suitability  in  2030,  by  Mission  Area 


Given  the  complex  interaction  between  aircraft  design  factors,  the  benefits  of  next- 
generation  technology  must  be  carefully  synthesized  to  project  a  more  accurate  cumulative  fuel 
savings.  In  this  analysis,  individual  technologies  are  first  integrated  within  each  category.  "  To 
avoid  inflating  the  “bottom  line”,  the  effects  of  each  category  are  then  combined  using  the 
Breguet  equation  to  contrast  the  more  fuel-efficient  2030  aircraft  with  today’s  technology. 

A  summary  of  improvements  in  fuel  efficiency  for  the  2030  mission  areas  is  listed  in 
Table  3  for  two  levels  of  technology  risk.74  The  cumulative  benefits  reflect  only  the  subset  of 


Design  Factor 

Structural  Weight 
Conventional  Aerodynamics 
Conventional  Propulsion 

Weight  +  Aero  +  Propulsion  (Lower  Risk) 

Novel  Configurations 
Hybrid  Propulsion 
Energy  Capture/Storage 

Weight  +  Aero  +  Propulsion  (Higher  Risk) 


Fuel  Savings  in  2030  (%) 

Mobility 

Fighter/Attack 

L-R  Strike 

ISR 

25% 

15% 

16% 

8% 

15% 

5% 

10% 

10% 

15% 

18% 

20% 

25% 

45% 

33% 

39% 

37% 

25% 

n/a 

25% 

25% 

20% 

n/a 

n/a 

25% 

n/a 

n/a 

n/a 

8% 

52% 

n/a 

46% 

51% 

Table  3:  Fuel  Savings  in  2030,  by  Mission  Area  (ref  Appendix  A) 
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technologies  examined  in  this  paper,  but  are  nevertheless  quite  promising.  Depending  on  the 
level  of  research  and  development  investment  and  DoD’s  appetite  for  programmatic  uncertainty, 
the  results  from  this  mission-area  analysis  could  reflect  an  achievable  benchmark  for  aircraft 
rolling  off  the  assembly  line  in  2030. 

A  more  intuitive  presentation  of  fuel  savings  in  2030  graphically  compares  fuel 
requirements  for  a  highly  efficient  fleet  to  2010  consumption  levels.  Figure  12  illustrates  the 
savings  increment  due  to  each  of  the  three  technology  areas.  After  applying  all  three  to  the  2010 
baseline  fleet  (100%),  the  remaining  demands  (diagonal  blue  pattern)  represent  fuel  requirements 


Strike 


□  Weight  Reduction 
■  Aerodynamics 

□  Engine  Efficiency 

□  2030  Aircraft 


Figure  12: 


“Lower  Risk”  Technology-Based  Fuel  Savings  (relative  to  2010  baseline) 


for  a  fleet  comprised  entirely  of  next-generation  aircraft.  Some  combination  of  petroleum  and 
alternative  fuels  will  power  this  fleet.  Incorporating  domestically  produced  alternative  fuels, 
including  50-50  FT  blends,  offers  a  window  to  the  likelihood  of  gaining  independence  from 
foreign  oil. 
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A  Petroleum  Independent  Air  Force 


In  order  for  the  Air  Force  to  eliminate  its  vulnerability  to  an  uncertain  oil  supply,  it  must 
satisfy  two  important  criteria.  First,  the  fuel  that  powers  Air  Force  aviation  must  come  from  a 
reliable,  sustainable  source.  It  should  be  relatively  immune  to  supply  interruptions  resulting 
from  acts  of  terrorism  or  unfriendly  foreign  suppliers.  In  addition,  the  Air  Force  must  have 
access  to  an  energy  supply  with  stable  pricing  to  allow  accurate  budget  forecasting  and  to 
minimize  the  need  to  divert  execution  year  resources  from  other  priorities.  By  breaking  its 
dependence  on  the  global  oil  market  and  incorporating  domestic  alternative  fuels,  the  Air  Force 
can  secure  its  energy  independence  in  the  2030  timeframe. 

An  analysis  of  next-generation  aircraft  helps  support  conclusions  about  overall  Air  Force 
petroleum  use  in  2030.  Considering  the  proportion  of  aviation  fuel  consumed  by  each  mission 
area,  projected  improvements  in  next-generation  aircraft  lead  to  a  fleet-wide  average  fuel  savings 
of  40%  for  relatively  low  risk  technologies.76  At  a  40%  reduction  from  today’s  levels,  Air  Force 
fuel  requirements  would  drop  from  2.5B  gallons  ($9B)  in  2008,  to  1.5B  gallons  (S5.4B)  in  2030 
(constant  FY08  dollars).  Additional  savings  due  to  efficient  operations,  advanced  maintenance 
practices,  and  retirement  of  older  aircraft  would  add  to  the  windfall. 

Supply  Vulnerability 

Fuel  efficient  technologies  and  alternative  fuel  sources  are  essential  to  securing  the 
energy  supply  for  Air  Force  aviation.  With  a  more  efficient  fleet  using  a  50/50  blend  of  JP-8  and 
Fischer-Tropsch  fuels,  Air  Force  petroleum  use  could  drop  to  750  million  gallons  per  year — only 
30%  of  today’s  demand!77  This  falls  below  the  threshold  of  domestic  oil  production  today  and 
for  the  foreseeable  future,  and  well  below  the  total  oil  available  from  stable  sources  in  the 
western  hemisphere.  Though  somewhat  symbolic  given  the  global  nature  of  the  petroleum 
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market,  the  ability  to  sustain  Air  Force  petroleum  needs  with  domestic  sources  is  an  attractive 
benchmark  for  policy  makers.  Improved  fuel  blends  could  cut  petroleum  use  even  further. 

At  these  numbers,  the  Air  Force  would  almost  certainly  eliminate  its  vulnerability  to 
unstable  foreign  oil  sources  by  2030,  but  not  without  cost.  Similar  improvements  within  civil 
transportation  would  impose  huge  demands  on  the  production  of  alternative  fuels.  With  the  Air 
Force  representing  only  a  small  fraction  of  that  demand  (750  million  gallons  per  year),  overall 
U.S.  demand  would  be  difficult  to  satisfy  until  supply  chain  and  infrastructure  investment  caught 
up  with  the  growing  market.  Energy  independence,  for  the  Air  Force  and  the  United  States  in 
general,  is  a  responsibility  that  must  be  shared  by  the  public  and  private  sectors. 

Cost  Stability  &  the  Air  Force  Budget 

Today,  the  Air  Force  has  reached  a  critical  juncture  that  will  determine  its  ability  to 
project  cost-effective  power  for  the  United  States  in  the  future.  If  aviation  petroleum 
consumption  remains  at  2008  levels,  the  Department  of  Defense  will  be  subjected  to  budget 
shocks  of  increasing  magnitude  and  frequency  whenever  global  oil  demand  exceeds  production 

on 

or  when  unstable  suppliers  seek  an  agenda  contrary  to  U.S.  interests.  Projected  trends  in  the 
price  of  oil81  could  lead  to  debilitating  increases  in  the  Air  Force  fuel  budget,  up  to  $18  billion 
dollars  per  year  in  one  worst-case  estimate  (Figure  13).  Simply  put,  the  cost  of  doing  nothing  is 
unacceptable. 

Fortunately,  by  incorporating  relatively  low-risk,  fuel-efficient  technologies  in  next- 
generation  aircraft  powered  by  a  50-50  blend  of  JP-8  and  F-T  fuels,  the  Air  Force  could  cut  its 
petroleum  requirements  by  70%.  After  an  immense  national-level  investment  in  production 
capacity  and  infrastructure,  the  price  of  alternative  fuels  should  be  relatively  stable  and 
considerably  cheaper  than  petroleum.  One  analysis  projects  the  cost  of  jet  fuel  derived  from 
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The  Cost  of  Doing  Nothing 


20.00 


2010  2015  2020  2025  2030  2035 

Year 


Figure  13:  Future  Air  Force  Fuel  Budgets  (The  Cost  of  Doing  Nothing)85 

biomass  and  algae  at  less  than  $2  per  gallon  by  2025.  '  A  2001  Department  of  Energy  (DoE) 
study  estimated  the  price  of  coal-to-liquid  (CTL)  Fischer-Tropsch  diesel  at  $1.24  per  gallon 

O') 

before  taxes.  A  more  recent  DoE  study  set  the  threshold  for  CTL  to  compete  with  oil  at  $50  per 

84 

barrel  (of  oil),  well  below  projections  through  2035. 

An  Air  Force  that  moves  toward  more  efficient  aviation  powered  by  alternative  fuels 
could  look  forward  to  increasingly  affordable  fuel  budgets.  One  such  path  would  capitalize  on 
the  Energy  Plan  goal  of  supplying  half  the  Air  Force  fuel  from  50-50  blends  by  2016,  while 
integrating  technology  into  the  legacy  and  next-generation  fleets  as  it  becomes  available.  The 
result  is  a  substantial  reduction  in  fuel  cost  against  the  “worst  case”  growth  in  oil  prices  (Figure 
14).  By  2030,  the  added  impact  of  retiring  older,  less  efficient  airframes  makes  this  course  of 
action  the  clear  favorite  from  a  fiscal  perspective. 

Freeing  up  a  large  percentage  of  the  Air  Force  fuel  budget  would  give  policy  makers  an 
opportunity  to  dedicate  resources  to  other  priorities,  including  force  modernization  and 
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Incorporating  Fuel  Efficient  Tec hnologies  &  50-50  F-T 
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Figure  14:  Future  Air  Force  Fuel  Budgets  (Tech-Enabled  Savings) 
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infrastructure  improvement.  Compounded  annually,  the  savings  due  to  Air  Force  petroleum 
independence  quickly  adds  up,  exceeding  a  total  of  $120  billion  by  2030  and  $180  billion  by 
2035  (Figure  15).  At  a  rough  cost  of  $200  million  per  aircraft  (FY08  dollars),  $180  billion  could 
purchase  900  next-generation  mobility  or  fighter  type  aircraft,  going  a  long  way  toward 


Return  on  Investment:  50-50  F-T  &  Technology 
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Figure  15:  Payback  for  Petroleum  Independence  (Cumulative  thru  2035) 
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recapitalizing  an  aging  fleet.  The  savings  could  also  be  diverted  to  seed  development  of 
infrastructure  and  refinement  capacity  for  alternative  fuels.  Such  a  commitment  could  fund 

87 

about  30  F-T  refineries,  each  producing  4  million  gallons  of  fuel  per  day  from  coal  or  biomass. 

Operational  Considerations 

Beyond  the  obvious  contribution  toward  a  more  secure,  affordable  fuel  supply,  next- 
generation  technology  offers  the  Air  Force  a  chance  to  reduce  operational  complexity  while 
sizing  the  fleet  to  capitalize  on  increased  fuel  efficiency.  The  trade  space  between  fuel 
consumption,  aircraft  range,  and  payload  capacity  allows  decision  makers  to  reframe  concepts  of 
operation,  particularly  for  the  mobility  mission. 

The  benefits  of  fuel  efficiency  are  even  more  pronounced  when  range  is  the  parameter  of 
interest.  Because  a  50%  reduction  in  fuel  consumption  effectively  doubles  aircraft  range,  the 
Breguet  analysis  recast  in  terms  of  range  improvement  provides  some  eye-opening  results  (Table 
4).  For  example,  a  C-17  experiences  an  80%  improvement  in  cruise  range  for  the  same  payload 

oo 

and  fuel  weight,  resulting  in  nearly  half  as  many  stops  or  aerial  refuelings  when  transiting  the 


Design  Factor 

Range  Increase  (%) 

Mobility 

Fighter/Attack 

L-R  Strike 

ISR 

Structural  Weight 

34% 

17% 

19% 

8% 

Conventional  Aerodynamics 

18% 

5% 

11% 

11% 

Conventional  Propulsion 

18% 

22% 

25% 

33% 

Weight  +  Aero  +  Propulsion  (Lower  Risk) 

81% 

49% 

64% 

59% 

Novel  Configurations 

33% 

n/a 

33% 

33% 

Hybrid  Propulsion 

25% 

n/a 

n/a 

33% 

Energy  Capture/Storage 

n/a 

n/a 

n/a 

9% 

Weight  +  Aero  +  Propulsion  (Higher  Risk) 

109% 

n/a 

87% 

102% 

Table  4:  Range  Increase  in  2030,  by  Mission  Area  (ref  Appendix  A) 
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globe.  Less  frequent  refueling  would  enable  a  quicker,  cheaper  delivery  of  payload  to  theater 
with  fewer  ground  support  and  air-refueling  assets. 

For  a  mission  with  unusually  high  payload  demands,  mobility  planners  could  trade 
improvements  in  range  or  fuel  consumption  for  added  payload  capacity.  Doing  so  would  allow 
fewer  aircraft  to  deliver  the  same  net  payload  to  theater,  offering  an  opportunity  to  re-task  airlift 
assets  elsewhere  or  shrink  the  overall  airlift  fleet  and  reduce  the  costs  associated  with  logistics 
and  manpower. 

In  a  force  extension  scenario,  increased  fuel  capacity  would  enable  fewer  tankers  to 
escort  a  squadron  of  fighters  or  strategic  air  assets  between  theaters.  Ideally,  mobility  aircraft  of 
the  future  will  fly  to  any  point  on  the  globe  without  aerial  refueling  or  intermediate  stops,  but  this 
capability  is  unlikely  even  in  2030,  when  high  payload  fractions  will  continue  to  exceed  the 
limits  of  technology.  Consequently,  the  next-generation  tanker  should  remain  among  the  Air 
Force’s  highest  acquisition  priorities,  with  the  understanding  that  greater  efficiency  could 
empower  a  smaller  fleet  to  perform  the  same  workload. 
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Conclusions  &  Recommendations 


Airpower’s  heavy  reliance  on  foreign  oil  has  exposed  an  Achilles’  heel  of  the  United 
States.  Two  criteria  must  be  satisfied  in  order  to  eliminate  this  strategic  vulnerability:  supply 
security  and  price  stability.  Fortunately,  a  number  of  promising  opportunities  could  reverse  this 
unfortunate  development,  including  the  application  of  advanced  technologies  to  Air  Force 
aircraft.  Through  an  intelligent  blend  of  technology  and  a  willingness  to  embrace  alternative 
energy  sources,  the  Air  Force  can  secure  its  energy  independence  in  the  2030  timeframe. 
Furthermore,  fleet- wide  improvements  in  efficiency  should  reduce  Air  Force  fuel  costs 
substantially. 

An  array  of  next-generation,  fuel-efficient  technologies  could  form  the  foundation  of  Air 
Force  energy  independence.  Improvements  generally  occur  in  one  of  three  categories: 

1 )  Structured  Weight  Reduction 

2)  Improved  Aerodynamics,  and 

3 )  Enhanced  propulsion  efficiency. 

No  single  category  stands  out  as  “low  hanging  fruit,”  since  each  has  significant  technical  hurdles 
to  conquer.  Yet  all  three  show  promise,  and  with  sufficient  investment  in  research  and 
development,  could  yield  ground-breaking  advances  in  energy  efficiency. 

Along  with  a  committed  investment  in  relatively  low-risk  aircraft  technologies,  an 
aggressive  move  toward  alternative  fuels  would  transform  Air  Force  energy  use  from  a  liability 
into  a  strategic  advantage  for  the  United  States.  Use  of  JP-8/Fischer-Tropsch  fuel  blends  in  a 
more  fuel-efficient  fleet  could  cut  Air  Force  petroleum  use  70%  by  2030.  At  today’s  production 
levels,  domestic  petroleum  sources  would  be  sufficient  to  supply  the  remaining  30%  assuming 
civil  transportation  embraces  energy  efficiency  and  alternative  fuels  with  equal  fervor.  Success 
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in  this  effort  would  establish  a  reliable,  sustainable  source  of  jet  fuel  that  is  relatively  immune  to 
supply  interruptions  induced  by  governments  or  organizations  unfriendly  to  the  United  States. 

The  fiscal  benefits  of  petroleum  independence  are  also  substantial.  Decoupling  the  Air 
Force  budget  from  world  oil  and  shifting  toward  a  price-stable  alternative — even  if  start-up  costs 
are  high — would  reduce  the  risk  of  large,  unforeseen  liabilities  throughout  the  year. 

Furthermore,  alternative  sources  such  as  coal-to-liquid  fuels  could  be  considerably  cheaper  than 
petroleum  in  the  2030  timeframe,  freeing  up  as  much  as  $120  billion  for  other  priorities  between 
fiscal  years  2010  and  2030. 

Though  discussed  only  qualitatively  in  this  paper,  a  more  fuel  efficient  fleet  would  also 
simplify  Air  Force  operations,  and  offer  decision  makers  a  tradeoff  between  mission  level 
performance  and  fleet  size.  The  trade  space  between  fuel  consumption,  aircraft  range,  and 
payload  capacity  also  allows  greater  flexibility  in  mission  planning  and  an  opportunity  to 
reframe  concepts  of  operation,  particularly  for  the  mobility  mission. 

Although  the  scientific  community  has  made  considerable  progress  toward  improving 
aircraft  fuel  efficiency,  several  areas  of  research  merit  immediate  and  aggressive  investment: 

(1)  Applied  nanotechnology.  Nano-scale  materials  constitute  the  next  hope  for 
revolutionary  improvements  in  structural  strength  and  weight.  Properly  developed, 
high-strength  carbon  nano-tube  reinforced  composites  could  replace  existing 
structural  metals  at  half  the  weight  of  aluminum.  Furthermore,  nano-materials  could 
one  day  enable  the  high-capacity  batteries  and  energy  capture  techniques  that  help 
hybrid  propulsion  transform  the  aerospace  industry. 

(2)  Advanced  propulsion  concepts.  Conventional  propulsion  may  appear  to  be  in  a 
period  of  technological  leveling  off,  but  experts  believe  there  is  still  ample  room  for 
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improvement,  as  much  as  20%  in  fuel  efficiency  by  2030.  Hybrid  propulsion,  though 
facing  its  own  challenges,  could  give  next-generation  aircraft  the  ability  to  operate 
with  either  jet  fuel  or  electric  power.  Developing  these  concepts  should  be  a 
cornerstone  of  Air  Force  modernization. 

(3)  Novel  aircraft  configurations.  With  only  marginal  improvements  in  conventional 
aerodynamics  in  recent  years,  now  may  be  the  time  to  embrace  concepts  such  as  the 
blended  wing-body  configuration.  The  Air  Force  must  move  beyond  the  stigma  of 
unorthodox  configurations  to  make  the  next  big  leap  in  fuel  efficiency,  at  least  25% 
for  the  blended  wing-body.  Development  would  be  costly,  but  the  long-term  benefits 
warrant  the  investment. 

(4)  Alternative  fuels.  The  Air  Force  should  stand  firm  on  its  goal  of  purchasing  half  its 
aviation  fuel  from  50-50  JP-8/Fischer-Tropsch  sources  by  2016.  Furthermore,  it 
should  set  additional  targets  that  lead  toward  100%  use  of  blended  fuels  by  2021,  and 
encourage  the  scientific  community  to  develop  even  better  blends  which  actually 
improve  fuel  efficiency.  Alternative  fuels  constitute  the  one  true  linchpin  to 
petroleum  independence,  and  Air  Force  investment  should  reflect  this  fact. 

Achieving  a  future  without  the  specter  of  foreign  oil  will  require  a  dedicated,  well- 
resourced  plan.  Although  private  sector  investment  will  prove  vital  to  the  effort,  the  Air  Force 
cannot  rely  on  commercial  research  and  development  to  support  all  its  mission  areas.  There  will 
be  many  technical  hurdles,  program  setbacks,  and  other  bumps  along  the  path  to  energy 
independence,  but  Air  Force  leadership  should  be  committed  to  this  goal.  It  has  become  a 
strategic  imperative,  and  the  time  to  act  is  now. 
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Appendix  -  Range/Fuel  Calculations 


Next-Gen  Mobility  Aircraft  (C-17  baseline) 

Design  Optimization.  Weight  reduction  =  10%. 

Active  Aeroelastic  Control.  Weight  reduction  =  5%. 

Advanced  Materials.  Total  structural  weight  reduction  =  44%/ 

Natural  Laminar  Flow,  [see  adaptive  compliant  structures]. 

Adaptive  Compliant  Structures.  L/D  increase  =  15%  (includes  laminar  flow  effects). 
Novel  Configurations.  L/D  increase  =  25%  (not  additive  with  other  aero  effects). 
Conventional  Gas  Turbine  Engines.  TSFC  reduction  =  15%. 

Hybrid  Gas  Turbine  Engines.  TSFC  reduction  =  20%. 

Energy  Capture/Storage.  Probably  not  significant  by  2030. 

Alternative  Fuels.  Certified  by  2011.  Adequate  supply  is  a  concern. 

Structural  Weight  Reduction: 

C-17:  Wmax  =  585,000  lb;  W0  =  277,000  lb;  WFmax  =  181,000  lb  89' 90 
WP  =  585,000  -  277,000  -  181,000  lb  =  127,000  lb 

Uninstalled  weight  of  four  PWF1 17-PW-100  engines:  4  x  7,100  lb  =  28,400  lb  91 
Material  fractions:  70%  aluminum,  8%  composites,  22%  other 
Density  of  70%  SWNT  relative  to  aluminum:  1200  kg/m3  vs  2800  kg/(m3) 93 
Weight  reduction  due  to  design  optimization  =  10% 

Weight  reduction  due  to  active  aeroelastic  control  =  5% 

Airframe  weight  =  W0  -  WEng=  277,000  -  28,400  =  248,600  lb 
Optimized  airframe  weight  =  248,600  lb  x  85%  =  21 1,300  lb 
Aluminum:  147,900  lb 
Composites:  16,900  lb 
Other:  46,5001b 

Weight  of  CNRP  to  replace  structural  aluminum:  147,900  x  (1200/2800)  =  63,400  lb 
Optimized  airframe  weight  w/CNRP  as  primary  structural  material: 

63,400  +  16,900  +  46,500  +  28,400  lb  =  155,  200  lb 
Percent  weight  savings  overall  =  (277,000  -  155,200)  /  277,000  x  100%  =  44% 

Breguet  W0  impact  (2010)  =  ln[l  +  181,000  /  (127,000  +  277,000)]  =  .370 
Breguet  W0  impact  (2030)  =  ln[l  +  181,000  /  (127,000  +  155,200)]  =  .496 
Range  increase  due  to  Wo  reduction  =  .496  -  .370  /  .370  x  100%  =  34% 

Fuel  savings  due  to  W0  reduction  =  .496  -  .370  /  .496  x  100%  =  25% 

Combined  Effects  (Lower-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  181,000  /  (127,000  +  277,000)]  =  .370 
Breguet  total  impact  (2030)  =  (1/.85)  x  (1.15)  x  ln[l  +  181,000  /  (127,000  +  155,200)]  =  .671 
Total  range  increase  =  .671  -  .370  /  .370  x  100%  =  81% 

Total  fuel  savings  =  .671  -  .370  /  .671  x  100%  =  45% 

Combined  Effects  (Higher-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  181,000  /  (127,000  +  277,000)]  =  .370 
Breguet  total  impact  (2030)  =  (1/.80)  x  (1.25)  x  ln[l  +  181,000  /  (127,000  +  155,200)]  =  .775 
Total  range  increase  =  .775  -  .370  /  .370  x  100%  =  109% 

Total  fuel  savings  =  .775  -  .370  /  .775  x  100%  =  52% 
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Next-Gen  Fighter  (F-22  baseline) 


Design  Optimization.  Weight  reduction  =15%. 

Active  Aeroelastic  Control.  High  wing  loading  and  maneuvering  load-factors  probably 
eliminate  this  as  a  tangible  benefit  for  fighter/attack  aircraft. 

Advanced  Materials.  Total  structural  weight  reduction  =  18%. 

Natural  Laminar  Flow.  A  wide  range  of  airspeeds  limits  time  on  the  design 
condition.  L/D  increase  =  5% 

Adaptive  Compliant  Structures.  Not  practical  due  to  mission  requirements. 

Novel  Configurations.  Not  practical  due  to  payload  and  maneuverability  requirements. 
Conventional  Gas  Turbine  Engines.  TSFC  reduction  =18%  (assumes  A/B  use 
consumes  20%  of  fuel  load). 

Hybrid  Gas  Turbine  Engines.  Not  practical  due  to  requirement  for  low-planform  engine  and 
lack  of  battery  storage  space. 

Energy  Capture/Storage.  Not  practical  due  to  low  fraction  of  captured  energy. 

Alternative  Fuels.  Certified  by  2011.  Adequate  supply  is  a  concern. 

Structural  Weight  Reduction: 

F-22A:  Wmax  =  83,500  lb;  W()  =  43,300  lb;  WFmax  =  18,000  lb  94 
WP  =  83,500  -  43,300  -  18,000  lb  =  22,200  lb 

Combat  loadout:  43,300  +  18,000  +  3,000  (2xA120,  2xA9X,  2xGBU32)  =  64,300  95 
Uninstalled  weight  of  two  FI  19-PW-100  engines:  2  x  4,100  lb  =  8,200  lb 
(estimate  TAV  =  8.5:1  [PW-229’s  is  7.8:1],  and  T  =  35,000  lb)  96’97 

QQ 

Material  fractions:  15%  aluminum,  24%  composites,  61%  other 

Density  of  70%  SWNT  relative  to  aluminum:  1200  kg/m3  vs  2800  kg/(m3) 99 

Weight  reduction  due  to  design  optimization  =15% 

Weight  reduction  due  to  active  aeroelastic  control  =  0% 

Airframe  weight  =  W0  -  WEng=  43,300  -  8,200  =  35,100  lb 
Optimized  airframe  weight  =  35,100  lb  x  85%  =  29,800  lb 
Aluminum:  4,500  lb 
Composites:  7,200  lb 
Other:  18,2001b 

Weight  of  CNRP  to  replace  structural  aluminum:  4,500  x  (1200/2800)  =  1,900  lb 
Optimized  airframe  weight  w/CNRP  use: 

1,900  +  7,200  +  18,200  +  8,200  lb  =  35,500  lb 
Percent  weight  savings  overall  =  (43,300  -  35,500)  /  43,300  x  100%  =  18% 

Breguet  W0  impact  (2010)  =  ln[l  +  18,000  /  (3,000  +  43,300)]  =  .328 
Breguet  W0  impact  (2030)  =  ln[l  +  18,000  /  (3,000  +  35,500)]  =  .384 
Range  increase  due  to  Wo  reduction  =  .384  -  .328  /  .328  x  100%  =  17% 

Fuel  savings  due  to  W0 reduction  =  .384  -  .328  /  .384  x  100%  =  15% 

Combined  Effects  (Lower-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  18,000  /  (3,000  +  43,300)]  =  .328 
Breguet  total  impact  (2030)  =  (1/.82)  x  (1.05)  x  ln[l  +  18,000  /  (3,000  +  35,500)]  =  .491 
Total  range  increase  =  .491  -  .328  /  .328  x  100%  =  49% 

Total  fuel  savings  =  .491  -  .328  /  .491  x  100%  =  33% 
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Next-Gen  Long-Range  Strike  (B-2  baseline) 

Design  Optimization.  Weight  reduction  =  10%. 

Active  Aeroelastic  Control.  Weight  reduction  =15%. 

Advanced  Materials.  Total  structural  weight  reduction  =  27%. 

Natural  Laminar  Flow.  L/D  increase  =  10%. 

Adaptive  Compliant  Structures.  Not  practical  due  to  mission  requirements. 

Novel  Configurations.  Options  limited  by  payload  and  maneuverability  requirements. 

L/D  increase  could  =  25%  (not  additive  with  other  aero  effects). 

Conventional  Gas  Turbine  Engines.  TSFC  reduction  =  20%. 

Hybrid  Gas  Turbine  Engines.  Not  practical  due  to  requirement  for  low-planform 
engine. 

Energy  Capture/Storage.  Not  practical  due  to  low  fraction  of  captured  energy. 

Alternative  Fuels.  Certified  by  201 1.  Adequate  supply  is  a  concern. 

Structural  Weight  Reduction: 

B-2A:  Wmax  =  336,500  lb;  W0  =  160,000  lb;  WFmax  =  167,000  lb;  WP  =  40,000  lb  100 

Uninstalled  weight  of  four  FI  18-GE-100  engines:  4  x  3,200  lb  =  12,800  lb  101 

1 0? 

Material  fractions:  -20%  aluminum/titanium,  -80%  composites 

Density  of  70%  SWNT  relative  to  aluminum:  1200  kg/nr  vs  2800  kg/(m3)  103 

Weight  reduction  due  to  design  optimization  =  10% 

Weight  reduction  due  to  active  aeroelastic  control  =15% 

Airframe  weight  =  Wo  -  WEng=  160,000  -  12,800  =  147,200  lb 
Optimized  airframe  weight  =  147,200  lb  x  75%  =  110,400  lb 
Aluminum  (~10%):  ~ll,0001b 
Titanium  (~10%):  -11,000  lb 
Composites:  88,300  lb 

Weight  of  CNRP  to  replace  structural  aluminum:  1 1,000  x  (1200/2800)  =  4,700  lb 
Optimized  airframe  weight  w/CNRP  use: 

4,700  +  11,000  +  88,300  +  12,800  lb  =  116,800  lb 
Percent  weight  savings  overall  =  (160,000  -  1 16,800)  /  160,000  x  100%  =  27% 

Breguet  W0  impact  (2010)  =  ln[l  +  167,000  /  (40,000  +  160,000)]  =  .607 
Breguet  W0  impact  (2030)  =  ln[l  +  167,000  /  (40,000  +  116,800)]  =  .725 
Range  increase  due  to  Wo  reduction  =  .725  -  .607  /  .607  x  100%  =  19% 

Fuel  savings  due  to  Wq  reduction  =  .725  -  .607  /  .725  x  100%  =  16% 

Combined  Effects  (Lower-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  167,000  /  (40,000  +  160,000)]  =  .607 
Breguet  total  impact  (2030)  =  (1/.80)  x  (1.10)  x  ln[l  +  167,000  /  (40,000  +  116,800)]  =  .997 
Total  range  increase  =  .997  -  .607  /  .607  x  100%  =  64% 

Total  fuel  savings  =  .997  -  .607  /  .997  x  100%  =  39% 

Combined  Effects  (Higher-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  167,000  /  (40,000  +  160,000)]  =  .607 
Breguet  total  impact  (2030)  =  (1/.80)  x  (1.25)  x  ln[l  +  167,000  /  (40,000  +  116,800)]  =  1.133 
Total  range  increase  =  1.133  -  .607  /  .607  x  100%  =  87% 

Total  fuel  savings  =  1.133  -  .607  /  1.133  x  100%  =  46% 
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Next-Gen  ISR  Aircraft  (MQ-9  baseline) 


Design  Optimization.  Weight  reduction  =  10%. 

Active  Aeroelastic  Control.  Weight  reduction  =  5%. 

Advanced  Materials.  Total  structural  weight  reduction  =13%. 

Natural  Laminar  Flow.  L/D  increase  =  10%. 

Adaptive  Compliant  Structures.  Not  practical  due  to  mission  requirements. 

Novel  Configurations.  L/D  increase  =  25%. 

Conventional  Gas  Turbine  Engines.  TSFC  reduction  =  25%. 

Hybrid  Gas  Turbine  Engines.  Same  benefit  as  conventional  (25%);  MQ-9  battery  use  not 
practical  due  to  weight  penalty. 

Energy  Capture/Storage.  Wing  span  =  66  ft;  wing  chord  ~  3  ft;  wing  area  ~  200  (ft2)  104; 

Using  NASA’s  Centurion  as  baseline:  3 1,000W  /  1648  ft2  =  19  W  /  ft2  of  solar  panel 
today  105;  10-fold  increase  if  high-risk  research  pays  off  190  W  /  ft2,  or  ~  38  kW  for 
the  MQ-9  wing  with  high-efficiency,  flexible  panels;  3/4  power  setting  (estimate),  the 
TPE-331  draws  ~  500  kW  (.75  x  900  shp) 106;  38kW/500kW  =  8%  improvement  in  TSFC 
Alternative  Fuels.  Certified  by  2011.  Adequate  supply  is  a  concern. 

Structural  Weight  Reduction: 

MQ-9:  Wmax  =  10,500  lb;  W0  =  4,900  lb;  WFmax  =  4,000  lb;  WPraax  =  3,750  lb  107 
WP  =  10,500  -  4,900  -  4,000  lb  =  1,600  lb 

Uninstalled  weight  of  Honeywell  TPE331-10GD  turboprop  engine:  400  lb  108 
Material  fractions:  8%  aluminum/steel/titanium,  92%  composites  109 
Density  of  70%  SWNT  relative  to  aluminum:  1200  kg/m3  vs  2800  kg/(m3)  110 
Weight  reduction  due  to  design  optimization  =  10% 

Weight  reduction  due  to  active  aeroelastic  control  =  5% 

Airframe  weight  =  W0  -  WEng  =  4,900  -  400  =  4,500  lb 
Optimized  airframe  weight  =  4,500  lb  x  85%  =  3,830  lb 
Aluminum  (~5%):  180  lb;  Composites:  3630  lb 
Savings  due  to  use  of  CNRP  to  replace  structural  aluminum:  negligible 
Optimized  airframe  weight  (no  CNRP  use):  3,830  +  400  lb  =  4,230  lb 
Percent  weight  savings  overall  =  (4,900  -  4,230)  /  4,900  x  100%  =  13% 

Breguet  W0  impact  (2010)  =  ln[l  +  4,000  /  (1,600  +  4,900)]  =  .480 
Breguet  Wo  impact  (2030)  =  ln[l  +  4,000  /  (1,600  +  4,230)]  =  .520 
Range  increase  due  to  Wo  reduction  =  .520  -  .480  /  .480  x  100%  =  8% 

Fuel  savings  due  to  Wo  reduction  =  .520  -  .480  /  .520  x  100%  =  7.5% 

Combined  Effects  (Lower-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  4,000  /  (1,600  +  4,900)]  =  .480 
Breguet  total  impact  (2030)  =  (1/.75)  x  (1.10)  x  ln[l  +  4,000  /  (1,600  +  4,230)]  =  .763 
Total  range  increase  =  .763  -  .480  /  .480  x  100%  =  59% 

Total  fuel  savings  =  .763  -  .480  /  .763  x  100%  =  37% 

Combined  Effects  (Higher-Risk  Technologies) 

Breguet  total  impact  (2010)  =  (1/1)  x  (1)  x  ln[l  +  4,000  /  (1,600  +  4,900)]  =  .480 
Breguet  total  impact  (2030)  =  (1/.67)  x  (1.25)  x  ln[l  +  4,000  /  (1,600  +  4,230)]  =  .971 
Total  range  increase  =  .971  -  .480  /  .480  x  100%  =  102% 

Total  fuel  savings  =  .971  -  .480  /  .971  x  100%  =  51% 
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efficient  technologies  beginning  at  2020  and  continuing  through  2030.  Although  Figure  14  is 
based  on  DoE’s  “high”  estimate  for  oil  prices,  a  similar  benefit  would  be  gained  if  oil  were  to 
follow  the  more  benign  “baseline”  in  terms  of  cost  growth.  Conversion  to  F-T  use  provides 
some  near-term  benefit  since  CTL  and  biomass  F-T  fuels  are  expected  to  be  considerably 
cheaper.  The  gap  widens  as  petroleum  costs  continue  to  rise,  then  widens  further  as  fuel  efficient 
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